A 47-year-old right-handed white woman with a history of congenital heart disease (CHD) had witnessed onset of aphasia. She was taken to a nearby emergency department where laboratory values, ECG, and a computed tomography of the head were normal. She had a right hemiparesis and aphasia with an National Institutes of Health stroke score (NIHSS) of 20; however, her examination improved and she was not given recombinant tissue-type plasminogen activator. Aspirin was administered for suspected ischemic stroke, and she was transferred to a comprehensive stroke center. On arrival, her NIHSS worsened to 16 and intravenous recombinant tissue-type plasminogen activator was administered 3 hours and 44 minutes after onset. Emergent magnetic resonance imaging showed diffusion restriction within the left basal ganglia and occlusion of the left middle cerebral artery. Because of a large perfusion/diffusion mismatch, embolectomy was performed using a retrievable stent with complete revascularization (thrombolysis in cerebral infarction revascularization score: 2b). After the procedure, her NIHSS reduced to 8. She had no other stroke risk factors other than her CHD.
At birth, she was diagnosed with a double-inlet left ventricle with dextro-transposition of the great arteries. A hybrid procedure with bilateral pulmonary artery banding and bilateral arterial duct stenting was performed at 6 weeks of age. She underwent a Glenn operation at the age of 12 years, which was complicated by transient postoperative left hemiparesis. She had a Fontan operation at age 25 years after which she recovered to New York Heart Association functional class I. No antithrombotic medications were prescribed.
Work up for her current stroke included transthoracic echocardiogram and cardiac magnetic resonance imaging, which showed a double-inlet left ventricle with D-transposition of the great arteries. There was a hypoplastic right ventricular chamber. A right to left shunt via the Fontan fenestration (artificially created between venous circulation and atrium) or veno-venous collateral could not be ruled out. She had a complete cardiopulmonary anastomosis with an intracardiac baffle (surgically created tunnel or channel directing blood from the inferior vena cava to the pulmonary arteries). No atrioventricular valve regurgitation was noted. The left atrium was enlarged and the ejection fraction was 55%. No thrombus was visualized.
Telemetry monitoring revealed frequent premature ventricular complexes but no persistent arrhythmia and prolonged outpatient monitoring also failed to show atrial fibrillation. Lower extremity ultrasound was negative for deep vein thrombosis. Because her cardiac anatomy predisposed her to atrial arrhythmia and paradoxical emboli, cardiologists recommended therapeutic anticoagulation. Her NIHSS score was 4 at discharge and 3 at 3 months. Unfortunately, 5 months later, she had a recurrent mild stroke with a subtherapeutic international normalized ratio (INR).
CHD is the most common birth defect, affecting 8 of every 1000 newborns. Defects range from simple asymptomatic defects to complex, life-threatening conditions. CHD may be broadly classified into cyanotic and acyanotic heart disease, both of which increase stroke risk because of the original structural abnormalities and indirectly via compensatory mechanisms and new structural abnormalities created by surgical correction. Diagnosis can be made by echocardiography (transthoracic or transesophogeal) or, increasingly, by cardiac magnetic resonance imaging. Mechanisms for stroke include paradoxical embolism, arrhythmias, hyperviscosity, dilated cardiac chambers, and surgical correction leading to in situ thrombosis ( Figure) .
Types of CHD
CHDs are categorized as cyanotic or acyanotic. Cyanotic CHD has reduced flow through the pulmonary circulation with right to left shunting of blood resulting in cyanosis and compensatory erthyrocytosis. Cyanotic CHD predisposes to ischemic stroke by allowing paradoxical embolization and hyperviscosity. Cyanotic CHDs include Tetralogy of Fallot, total anomalous pulmonary venous connection, hypoplastic left heart syndrome, transposition of the great arteries, truncus arteriosus (persistent), and Eisenmenger syndrome (Table) . Most of these anomalies share common physiology, with pulmonary stenosis and venous blood bypassing the lungs leading to deoxygenated blood in the systemic circulation. An exception is Eisenmenger syndrome, in which pulmonary vascular resistance increases with time, resulting in reversal 2
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May 2016 of left to right shunts. Tetralogy of Fallot and Eisenmenger syndrome are the most common cyanotic CHDs and are both associated with stroke. Acyanotic CHDs have normal flow through the pulmonary circulation and normal oxygenation. The most common forms are ventricular septal defects followed by atrial septal defects. Seventy percent of ventricular septal defects are located in the membranous interventricular septum and 20% in the muscular septum.
1 About 40% of septal defects close spontaneously by age 2 years and 90% by age 10 years. 2, 3 Small defects are likely to be clinically silent but large defects can increase pulmonary vascular pressure and cause reversal of left to right shunting with subsequent cyanosis.
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Paradoxical Embolism
In normal circumstances, the pulmonary capillary bed acts as a filter, preventing venous embolic material from reaching the arterial circulation. However, right to left shunts allow emboli to cross into the arterial circulation without traversing the lungs. This phenomenon, called paradoxical embolism, is one of the most common mechanisms of stroke in patients with CHD.
Right to left shunts can be detected by a bubble test. Echogenic microbubbles, created by agitated saline or echo contrast, are injected intravenously. Bubbles entering the pulmonary circulation would normally be filtered by the lungs but with a shunt can cross into the left heart and arterial circulation where they can be detected by echocardiography or transcranial Doppler. If no bubbles are detected, having the patient cough or strain increases intrathoracic pressure and may provoke right-to-left shunting. Transesophageal echocardiography is superior to transthoracic echocardiography for identifying both embolic material within the left atrium and potential shunts. 4 Treatment of paradoxical emboli should consider both clot prevention and shunt correction. Anticoagulation is indicated if patients develop deep vein thrombosis, pulmonary embolism, or atrial fibrillation. 5 Patients without clear indication for anticoagulation should be treated with antiplatelet agents. Most atrioventricular defects are small and do not increase pulmonary arterial pressures. In these cases, pulmonary vascular disease is unlikely to develop and patients do not require surgical closure. In contrast, large defects can result in left ventricular failure and pulmonary hypertension, leading to right ventricular failure in adulthood. 2 Surgical closure is then recommended. Of note, paradoxical embolism is not entirely eliminated by surgical repair of a cyanotic congenital malformation 5 and additional therapy is often indicated. 
Hyperviscosity
Cyanotic CHD is associated with polycythemia and compensatory erythocytosis with hematocrits at times over 70%. This can lead to hyperviscosity reducing oxygen delivery and increasing thrombotic events. Most thrombosis tends to occur in the venous system. Although phlebotomy is routinely used to prevent hyperviscosity for other diseases with erythrocytosis, in CHD it can cause iron deficiency with microcytic erythrocytes and secondary spherocytosis, which exacerbate viscosity and stroke risk. [6] [7] [8] [9] Hydroxyurea has been tried as an alternative to phlebotomy, but it is not routinely used. 6 
Infective Endocarditis
CHD also increases risk of infective endocarditis and resultant stroke. The altered cardiac anatomy may predispose to formation of infectious vegetations. In addition, infection may be introduced into the arterial circulation via a shunt if blood bypasses the lungs. American Heart Association guidelines recommend consideration of antibiotic prophylaxis in highrisk patients with CHD including unrepaired cyanotic CHD, repaired defects with prosthetic material/devices for 6 months after the procedure, and repaired CHD with residual defects at or adjacent to prosthetic patches or devices which may inhibit endothelization.
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Dilation of Cardiac Chambers
Patients with CHD may develop dilation of the cardiac chambers because of abnormal flow patterns. This allows stasis and thrombus formation within the chamber or may distort the conducting system and predispose to arrhythmias including atrial fibrillation. Stroke prevention in these cases relies on anticoagulation to prevent thrombus formation.
Surgical Correction/Implanted Devices
Surgical correction of CHD may be a 2-edged sword with respect to ischemic stroke prevention. Although surgical procedures can serve to minimize shunts preventing paradoxical embolization and hyperviscosity, they may also expose and introduce thrombogenic surfaces into the heart. For example, prosthetic valves have been associated with a higher incidence of thrombotic events when compared with native valves. In addition, scarred tissue in the atria may dispose to the development of arrhythmias.
In summary, although CHD is an uncommon cause of ischemic stroke, patients who have CHD are at higher risk. Consideration of both traditional stroke risk factors such as dyslipidemia, hypertension, and diabetes mellitus as well as the individual characteristics of their CHD must be considered when developing treatment plans.
